Agitation rate is an important parameter in the operation of Anaerobic Sequencing Biofilm Batch Reactors (ASBBRs), and a proper agitation rate guarantees good mixing, improves mass transfer, and enhances the solubility of the particulate organic matter. Dairy effluents have a high amount of particulate organic matter, and their anaerobic digestion presents inhibitory intermediates (e.g., long-chain fatty acids). The importance of studying agitation in such batch systems is clear.
INTRODUCTION
Anaerobic biodigestion is the most highly recommended process for the treatment of highly concentrated wastewater (Rajeshwari et al. 2000) , and Demirel et al. (2005) emphasised its feasibility for the treatment of dairy wastewater. The main advantages of the anaerobic processes are associated with energy savings and stabilised-sludge yielding (Speece 1996) . Nevertheless, anaerobic processes are limited by fat-containing wastewaters. Several problems, like clogging in fixed beds, disaggregation, and biomass expulsion in granular reactors, have been reported in the literature (Petruy and Lettinga 1997) . According to Alves et al. (2000) , lipid degradation intermediates inhibit methanogenesis. Hwu and Lettinga (1997) have indicated that acetogenesis is also reduced by lipid degradation intermediates. Wastewater from dairy processing plants is fat-rich; in these plants, the main residue is cheese whey, due to the large volume of production (around 80 to 90% of processed milk when cheese is produced). Although cheese whey may have multiple applications, many small and medium dairy plants do not have the expertise or economical incentive to process it; thus, it ends up in their wastewater. In fact, Koller et al. (2007) also highlighted that disposal of whey is cost-demanding, especially for smaller dairies. In contrast, Janczukowicz et al. (2008) concluded that all dairy processing effluents, with the exception of whey, can be treated together. Because dairy plants work in a batch regime, they offer a good opportunity to use the sequential batch process for wastewater treatment. On the other hand, due to their high initial substrate concentrations (which may lead to the accumulation of intermediate metabolites), batch reactor operations must be studied carefully. Ratuznei et al. (2003) have studied the anaerobic treatment of reconstituted powder milk in immobilised biomass-containing ASBBRs. With 0.6 g of COD.L À1 . d À1 , the global mean efficiency in terms of the chemical oxygen demand (COD) removal of the system was 96%, with concentrations lower than 160 mg/L at the end of the cycles. Fuzatto et al. (2009) have obtained COD removal efficiencies higher than 90% with organic loads varying from 1.170.2 to 12.172.4 g COD.L À1 /d À1 in an ASBBR with a 24-h cycle processing actual dairy wastewater with no serum segregation and 500-rpm agitation. One of the most important parameters in the operation of ASBBRs is the agitation rate. It is well known that a proper agitation rate is important not only to guarantee good mixing and improve mass transfer, but also to improve the solubility of the particulate organic matter. Pinho et al. (2004) have studied the effects of agitation speed on the treatment of soya milkbased substrate with a mean COD of 1,000 mg/L (45% of COD as suspended matter) in an ASBBR with biomass attached cubic particles of polyurethane and 8-h cycles (30711C). The residual organic matter was 179 mg COD/L with the 500-rpm treatment and 86 mg COD/L with 1,100-rpm treatment. Pinho et al. (2005) , processing diluted wastewater from swine raising barns, have observed that the soluble COD removal efficiency increased from 30% with no agitation to higher than 70% with 500-rpm agitation. Cubas et al. (2004) found increasing values for the firstorder kinetics constant when increasing the agitation rate from 300 to 900 rpm when processing diluted substrates in an ASBBR. This led to the conclusion that the initial degradation rate increased as the agitation rate increased.
In this regard, this work presents a study linking processing efficiency and intermediate products at four agitation speeds in ASBBR-treated dairy effluent. Since oil and grease are present, the system has to deal with an inhibitory intermediate; thus, this study aimed at evaluating both quantitatively and qualitatively the metabolites (volatile acids) in the system to identify the causative factors of efficiency variations. In addition, kinetic studies were also performed. The importance of the present paper is related to the fact that operating these reactors with a high agitation rate may limit their application on the industrial scale mainly due to the energy costs. Thus, the system must be studied at low agitation rates. It is believed that a systematic evaluation of the problem could contribute to the dissemination of this technology as well as to the economic sustainability of the dairy sector.
MATERIAL AND METHODS
A 3.9-L lab-bench ASBBR was used in this experiment. The reactor was built in acrylic resin and furnished with a stainless steel basket to contain the immobilised biomass in 48.4 g of polyurethane cubes with 1-cm sides. Inside the basket, there was room for the mechanical agitation system composed of two impellers with four flat blades each (Figure 1) . Granular sludge from poultry slaughterhouse wastewater, treated in an UASB-type reactor, was used as inoculum. The granules were macerated and kept in contact with the polyurethane matrices for 24 h to ensure immobilisation. The reactor was fed with a synthetic substrate based on reconstituted skimmed milk in order to allow the immobilised biomass to acclimate. The synthetic substrate was composed of 1 g/L of nonfat dry milk and 1 g/L of sodium bicarbonate with average total COD (COD T ) of 1,004736 mg/L and average filtered (1.2-mm pore membrane) COD (COD F ) of 893782 mg/L. This phase took 17 days, with cycle periods of 72, 48, and 24 h. The experiment was carried through with a constant temperature kept at 30721C. During the acclimation period, alkalinity was supplemented (in a 1:1 ratioorganic matter concentration: sodium bicarbonate mass), and no other nutrient was added. After the acclimation period, data collection began with the ASBBR being fed wastewater from the milk pasteurisation and cheese production processes with no whey segregation. All cycles were set for 24 h under 500-rpm agitation, as performed by Fuzatto et al. (2009) . The monitoring period took 64 days, with four experimental conditions of increasing feed loads of 1,000, 2,000, 4,000, and 8,000 mg COD/L. In the three first experimental conditions, alkalinisation was performed with a 1:1 sodium bicarbonate: COD mass ratio. In the fourth experimental condition, the mass ratio was 1: 2. After this period, the organic matter concentration was held constant at 8,000 mg COD/L, and the reactor was operated at the following four agitation rates: 500, 350, 200 rpm, and no agitation (referred to as EC1, EC2, EC3, and EC4, respectively). Each experimental condition was maintained until stability was achieved, indicated by the constant efficiency of organic matter removal. At the end of each experimental condition, two temporal profiles were performed in order to obtain the kinetic parameters of the process. The following physicochemical analyses were performed: pH, alkalinity, acidity, and chemical oxygen demand (COD) (Standard Methods for Water and Wastewater Examination 1998). Volatile fatty acid determination was performed using gas chromatography, according to Moraes et al. (2000) . Biomass quantification was made according to Ribeiro et al. (2005) . Five cubes containing attached biomass were taken from the reactor at the end of each operational condition. These cubes were placed in a 40 mL glass flask with 20 mL of distillated water and approximately 2.5 g of glass beads. The flasks were agitated for 20 min or until all the adhered biomass was separated from the foam. Then the liquid was separated from the foam and the glass beads and transferred to a porcelain capsule, and the Total Volatile Solids (TVS) content of the liquid containing biomass was measured according to the Standard Methods for the Examination of Water and Wastewater (1998) . Polyurethane foam matrices were transferred to another capsule, where it was kept at 1101C for 24 h to dry out completely. Biomass immobilised was quantified as g TVS per g polyurethane foam.
At the end of each experimental condition, two temporal profiles were performed in order to obtain the kinetic parameters of the process, using the average of the measured values. The first part of the profiles (0-5 h) was described by a modified first-order kinetic expression, using the methodology adapted from Pinho et al. (2005) . This procedure was used for Total COD (COD T ) and Filtrated COD (COD F ):
The second part of the profile (5-24 h) was described by a zero order model, presented in Equation (2):
In Equations (1) and (2), t is time (min); S and So are, respectively, the substrate concentration (as COD) at t and to (initial time), assumed as zero for Equations (1) and set at 5 h in Equations (2); S R is the residual COD (mg/L); k 1app (h À1 ) is the apparent first-order kinetic constant in Equation (1); and k 0 app (mgCOD. L À1 h À1 ) is the apparent zero-order kinetic constant in Equation (2). A first order model (Equations (3)) was used to fit the data of soluble organic matter being used by acidogenic microorganisms (COD SO ). COD SO was calculated by subtracting the volatile acids COD from COD F .
The models were fitted to the experimental values by the Levenberg-Maquardt method (Microcal Origin 8.0).
Initial rates of COD consumption (r i ) were obtained from the product between substrate concentration (as COD) at t o (initial time) and apparent first-order kinetic constantk 1 app (h À1 ). The specific initial consumption rate (Ui) was obtained by the ratio between r i and TVS content in each condition. The concentration of particulate COD (CODp) was calculated by subtracting COD F from COD T .
RESULTS AND DISCUSSION

Monitoring data
The system had a fast start-up period similar to that observed by Fuzatto et al. (2009) , reaching 92.7% of COD T removal after 70 days of operation. The results obtained regarding the COD, bicarbonate alkalinity, and volatile fatty acids in each experimental condition are shown in Table 1 and Figure 2 . High-efficiency removal of organic matter was observed in EC1 and EC2, with 92.7% and 91.1%, respectively, of total COD (COD T ) and 95.0% and 92.5%, respectively, of filtered samples (COD F ). Table 1 shows that, if standard deviation is considered, the efficiency data for these experimental conditions were similar. Bicarbonate alkalinity production and a low amount of volatile acid production were also observed in the effluent. In EC3 and EC4, similarity was again observed.
However, COD removal efficiency dropped to 79.6% and 82.8%, respectively, for COD T and to 80.6% and 82.4%, respectively, for COD F . Nevertheless, it should be highlighted that the values remained around 80%, even under poor conditions or in the absence of agitation. Damasceno et al. (2008) , treating cheese whey in an ASBBR (agitation rate of 200 rpm and applied organic loading rate of 3 kg/m 3 ), observed an 80% removal of COD and concentration of lower volatile fatty acids (56 mg/L). However, that work observed similar results for data obtained with agitation rates of 300 rpm and 200 rpm. In contrast, the present work clearly demonstrated remarkable differences between agitation rates of 350 rpm and 200 rpm. In EC3 and EC4, bicarbonate alkalinity production was observed. However, markedly higher levels of volatile acids were observed in the effluent than in the influent. The effluent's pH was always above 7.5 for all experimental conditions, probably because of bicarbonate supplementation and ammoniacal nitrogen production due to protein degradation.
Temporal profiles
The results shown in Figure 3 represent the average data obtained from the two temporal profiles for each experimental condition. In the profiles, the remaining COD T increased from between 5% and 8% in EC1 and EC2 to 20% in EC3 and EC4. With regard to COD F , 20% remained in the reactor at the end of the cycle in EC4 and 14% in EC3; these values were reduced to 10% in EC2 and 5.5% in EC1. speed decreased. These compounds represented almost all of the organic matter measured as COD at the end of each cycle. The predominant volatile fatty acids (VFAs) in all of the experimental conditions were acetic, propionic, isobutyric, and isovaleric acids. In EC1, the majority of VFA concentrations were related to acetic and propionic acids, which peaked 2 h after the process began. Isobutyric and isovaleric acids presented negligible concentrations in comparison to the levels of acetic and propionic acids. In EC2, these two acids were still predominant but peaked at slightly higher concentrations 5 h after the process began; the cycle period did not appear to be sufficient for their removal. Damasceno et al. (2008) , with an organic loading rate of 6 kg/m 3 .d and rotation of 300 rpm, observed excessive production of volatile acids. In EC3, the acetic and propionic acids were again predominant. However, a reduction in the velocity at which these accumulated acids were consumed was observed. Acetic and propionic acids were produced in EC4, but the accumulated levels of these acids were not consumed. As the agitation rate reduces, it is important to point out that the isobutyric fraction of the COD of the volatile acids increases. In every EC, the concentration of this compound peaked within 2 h. The isobutyric acid produced was totally converted in EC1, EC2, and EC3. Without agitation, however, it seemed that the cycle period was not long enough to allow total conversion. The observation that the acetic acid was not fully consumed in EC2, EC3, and EC4 indicates that acetoclastic methanogenesis was impaired. Since it is known that the conversion of acetic acid is thermodynamically prone to occur, it is possible that the concentrations of this compound have attained a critical level. The cycle period was thus not long enough to permit consumption, preventing the completion of the anaerobic process. Speece (1996) mentions that acetate consumption is inhibited by excessive substrate in anaerobic medium, and the process could be modelled by Haldane kinetics. This phenomenon may have occurred in one of these three experimental conditions, since a higher peak value for the acetic acid concentration was observed as the agitation slowed. On the other hand, considering both the total accumulated acetic acid (calculated from the area under the acetic acid curve) in those three conditions and the biomass available to the system (on average, 74.1477.5 g of volatile suspended solids), the maximum specific utilisation rate for acetate was not surpassed in any condition (according to Pavlostathis and Giraldo-Gomes (1991) ). Thus, it is likely that acetoclastic methanogenesis was affected because some of the biomass was not in direct contact with the acetic acid due to insufficient or absent agitation. At lower levels of working biomass, higher acetate levels may have also impaired acetogenesis via propionic acid degradation. This could explain its lower degradation speed in EC2, EC3, and EC4. Finally, it is important to comment that decreasing the agitation rate (and thus increasing the resistance to mass transfer) may have impaired the interspecies transfer of H 2 molecules, leading to an increase in the partial pressure of this molecule at the beginning of the process. As suggested by Stams (1994) , the acidogenic consortium therefore probably started producing acids with lower hydrogen-associated production (isobutyric acid) or hydrogen consumption (propionic acid).
Kinetic analyses
The model expressed in Equation (1) was fitted to the experimental data during all the cycle times for COD T and COD F with the following determination factor (R 2 ) values: 0.94, 0.98, 0.89 and 0.91 for EC1, EC2, EC3 and EC4 respectively for COD T and 0.98, 0.91, 0.72 and 0.25 for EC1, EC2, EC3 and EC4 respectively for COD F . Despite the results obtained for COD T in EC1 and COD F in EC2, these results clearly differ from the ones obtained by Fuzatto et al. (2009) that fitted the same model to the experimental data for COD F with good determination factor (R 2 ) values (0.99, 0.94, 0.97, and 0.94), when the agitation was 500 rpm, with influent COD ranging from 1.1 g.L À1 to 12.1 g.L À1 . Two consecutive kinetic models were fitted with the substrate removal data, expressed as COD T and COD F . As can be seen in Figure 5 , and considering the value of R 2 presented in Table 2 , which also displays estimated kinetic parameters, the proposed model fitted well to the measured data, as observed by Pinho et al. (2004) who obtained two consecutive firstorder models with residuals for the use of 24-h cycle ASBBR in the treatment of swine manure with 500 rpm of agitation. In the present work, the velocities obtained with the zeroorder model were clearly lower than the initial velocities obtained at the beginning of the process. As the limit between the two models occurred at the same time as the higher values of COD calculated from the concentration of volatile fatty acids (Figure 4) , the zero order model is a reasonable choice, considering that substrates in excess were the volatile fatty acids, and so the governing process from the fifth hour was the acid consumption.
With regard to COD T and COD F removal, no tendency for the k 1 app and r i values was observed as the agitation decreased. This finding is in contrast to that of Cubas et al. (2004) , who showed that those values increased as the agitation speed increased; however, that work employed lower substrate concentrations than those used in the present one. It should be pointed out that the lowest k 1 app and r i values were again observed with EC2. Analysis of the metabolites found in the liquid phase did not indicate a difference between EC2 and any of the other experimental conditions which could explain the initial rate values and the first-order kinetic constants obtained. Figure 6A shows the result of the application of the first order model to the profiles of the concentration of soluble organic matter being degraded by hydrolytic acidogenic Table 2 , where it is possible to observe a rising trend in the values of k 1 app with the agitation diminution. The k 1 app for COD SO consumption in EC4 is 140% higher than those for EC3 and EC1, which is completely unexpected. This observation may be related to the sedimentation of particulate mater due to the lack of agitation in EC4, which can be also observed in Figure 6B , that presents the particulate COD values (COD p ), calculated by subtracting the COD F from the COD T , for each experimental condition. In EC1, the conversion of the COD p occurred until the 11 th hour; EC2, this conversion occurred until the fifth hour; for EC3 and EC4, the conversion seems, quite improbably, to have occurred before the second hour. Thus, it may be inferred that the microbial consortium could not fully access the particulate material in function of its partial sedimentation. Thus this material was not hydrolysed, justifying the observed data. These flaws probably impaired the solubility of the particulate organic matter, which consequently affected the rates of conversion of the COD SO .
As could be seen, the effect of agitation on the performance of an anaerobic sequencing batch biofilm reactor in the treatment of dairy effluents is important not only to enhance mass transfer phenomena, but also to prevent volatile acid accumulation. The volatile acid accumulation at low agitation frequencies in laboratory scale would also be probably verified in large scale. To minimise these problems, the scale up of ASBBR can be carried out by reproducing the same conditions of Power per reactor Volume (P/V), used in EC1, in a geometrically similar system.
CONCLUSIONS
Based on the data obtained with an ASBBR under the experimental conditions described for the effluent in this study, it is concluded that systemic agitation not only improved the global efficiency of organic matter removal (expressed as total and filtered COD) but also influenced the production and consumption of volatile acids. The rate of agitation proved to be important for system homogenisation and liquid flow through the bed, as pointed out by Damasceno et al. (2008) . However, as also evidenced by the kinetic data obtained for the profiles of the concentration of soluble organic matter (COD SO ) being degraded by hydrolytic acidogenic microorganisms, agitation was also important for the suspension and solubility of the particulate organic matter, as observed by Pinho et al. (2005) , as well as for the success of the mass-transfer phenomena. In fact, increasing the resistance to mass transfer clearly modified the volatile acid production and consumption dynamics, thereby causing the process to reach different apparent steady states when the agitation rate decreased. These acids clearly showed a modified balance when the agitation speed decreased, probably due to mass-transfer limitations rather than to kinetic limitations, as no trends were observed in the kinetic parameters obtained for the profiles of total and filtered COD. The 24-h cycle was only efficient for complete acid removal when the agitation rate was 500 rpm, but the COD removal was higher than 80% in all conditions. 
